Abstract: The results of ab initio calculations are reported for prototypical high-valent, alkylidene complexes. Stationary points on each potential energy surface are characterized and compared to experimental information where available; as long as a suitably flexible valence basis set is used, good agreement between theoretically calculated and experimentally determined geometries is obtained. The complexes of interest include group IVB (Ti, Zr and Hf) and group VB (Nb and Ta) alkylidenes with hydride ligands as well as models for the four-coordinate, olefin metathesis catalysts ( M e , W-, and Re-alkylidenes) which have been recently synthesized and characterized. In light of the fact that much of the discussion concerning the reactivity of transition-metal carbene complexes has been presented in terms of the resonance contributors derived from rearranging the electrons in the M-C u and T orbitals, the minima obtained from the first portion of the study are then subjected to a further procedure to calculate these contributions. Resonance structures in which the carbon is the negative end of the M-C bond (Le., nucleophilic resonance structures) contribute 50% to the ground-state wave function of these complexes. Those in which the carbon is formally neutral account for much of the remainder (45%). Only 5% is comprised of electrophilic resonance structures, Le., those in which the carbon is the positive end of the M-C bond. Furthermore, the metal-carbon double bond is predominantly comprised of five resonance structures. Four of these resonance structures correspond to models of carbene bonding which have been discussed previously in the literature. The other resonance structure, which contributes roughly 33% to the ground-state wave function, has hitherto not been considered when examining the chemical reactivity of carbenes. This large resonance contributor can be described as arising from a dative carbon-to-metal 0 bond plus a covalent M-C x bond.
Introduction
Transition-metal alkylidene (or carbene) complexes have been the focus of intense e~perimental'-~ and theoretical"21 research efforts. Carbene complexes (L,,M=C(R)R') have been implicated as intermediates and reactive species in a wide range of important heterogeneous and homogeneous catalytic reactions ranging from olefin metathesis22-26 (eq 1) and biochemical ~xidation~'*~* to the F i s c h e r -T r o p s~h~*~~ synthesis (the reduction of C O by H2 to various organics, including alkanes, over heterogeneous transition-metal catalysts). Carbene complexes are typically subdivided into two broad groups. In the first group the ligated carbene carbon typically possesses heteroatom substituents (e.g. X, Y = OR, NRz, etc.) or aryl groups directly attached to the carbene carbon. These carbenes are referred to as Fischer-type carbenes2 Fischer-type carbenes act as electrophiles in chemistry directed at the carbene carbon; for example, bases such as tertiary phosphines will add to the carbene carbon to form simple adducts with a typical Fischer-type carbene such as (C0)5W=C(OH)H.2
The complexes in the second group are called Schrock-type carbenes or alkylidene
In the Schrock-type carbene complex R and R' are organic in nature (H or alkyl); the ligated carbon acts as a nucleophile toward other chemical reagents.
Alkylidenes can carry out a Wittig-type transformation, eq 2.
L,M=C(R)R' + > C 4 -L , M 4 +>C=C(R)R' (2)
The reactivity of carbenes in reactions such as olefin metathesis, eq 1, and ring-opening metathesis polymerization has repeatedly been explained in light of the various bonding models that have been invoked to describe the metalalkylidene bond.1-5*22-26 The Herrison-Chauvin mechanism for olefin metathesis involves the initial formation of an alkylidene/olefin complex as shown in step i of eq 1, followed by a [2 + 21 cycloaddition, step ii in eq 1, to yield four-membered-ring structures-metallacyclobutanes; these metallacyclobutanes then undergo a [2 + 21 cycloreversion, step iii in eq 1, to form an olefin and an alkylidene, eq 1 .25 Gassman and Johnson have interpreted the formation of predominantly "degenerate metathesis" products (Le., the M-C and C-C bonds of the metallacyclobutane cleave so as to yield back the original olefin and alkylidene complex) in the metathesis of terminal olefins as indicating that the chain-carrying species is a substituted metal-alkylidene rather than a nonsubstituted methylidene complex.'O The catalyst system used in their study was PhWCI3/ AlCl,. Since alkyl groups are better electron donors than hydrogen, it is argued, the greater stability of a substituted alkylidene versus a nonsubstituted methylidene complex is support for M--C+ polarization in the metal-carbon bond.30 Complexes with this polarization of the M-C bond are expected to act as electrophiles in chemistry centered a t the trigonal carbon. Casey and coworkers, on the other hand, have interpreted their experimental data in terms of supporting a polarization in the opposite sense, i.e.
M+€.'I
The ability of the N b and Ta alkylidene complexes to carry out the Wittig reaction, eq 2, is also given as strong proof for M+€ polarizati~n.'~ Electrophilic carbenes react with olefins to yield predominantly cyclopropane^.^^ Ivin et al. have correlated the degree of head-to-tail bias in the ring-opening metathesis polymerization of asymmetric norbornenes as being intimately linked to the direction and degree of polarization in the M-C bond.34
Theoretical investigations of multiply bonded carbon ligands have understandably focused on describing the nature of the bonding in the metal-carbon linkage.621 Various electronic structural arguments of both a qualitative and a quantitative nature have been forwarded to account for the differences in the reactivity of the Fischer-type and Schrock-type complexes. The various organometallic electron-counting schemes which have been proposed tend to view the metal-carbon linkage from one of two extremes.' In the first case, the ligand is viewed as a four-electron donor, CR: -, bound to the metal fragment, L,Me2, in a largely ionic fashion. This bonding description is most frequently applied to the high-valent, Schrock-type alkylidene complexes and can be represented by the resonance structure MZC. Thus, complexes such as Cp2Ti(CH2), R3Ta(CHR'), CpCI2Nb(CH2), Mo(OR),-(NAr)(CHR'), etc. are most commonly viewed as having the metal in its highest formal oxidation state. At the other extreme, the ligand is depicted as a neutral substituent covalently bound to the transition-metal fragment. This description of the bonding is the one usually applied t o Fischer-type carbenes' and can be repre- On the basis of the results of their calculations, the Fischer-type and Schrock-type carbenes are viewed as arising from the coordination of a neutral carbene to the metal fragment in one of two ways. Schrock-type alkylidenes are constructed by the singlet coupling of a neutral, triplet (ground state) carbene ligand with a triplet transition-metal moiety (CR(R') in la); nearly covalent M-C u and a bonds are formed.' This bonding scheme most closely resembles the M=C resonance structure. Fischer-type carbenes are formed by the coordination of a neutral, singlet (ground state) carbene (CX(X') in lb; X, X' are electronegative ligands); a dative carbon-to-metal u bond with a dative metalto-carbon a back-bond is formed.' A resonance structure such as M X (the metal-carbon u bond is described by the bottom arrow, the metal-carbon a bond is described by the top arrow) can be used to portray the singlet-carbene coordination model. It does not seem likely that the bonding in such a complicated system can be described by only one resonance structure or electron configuration. Rather the bonding is expected to be a linear combination of two or more configurations.
The purpose of the present research is to study the bonding of prototypical alkylidenes at a relatively high level of electronic structure theory and to devise and implement a theoretical formalism which will allow us to more accurately quantify the importance of the resonance structures which contribute to the description of the bonding in transition-metal alkylidenes. This paper is organized in the following fashion. First, the outcome of geometry optimization at different levels of theory is reported and compared to available experimental information. Second, the theoretical scheme used to determine the primary resonance contributors is applied to the model complexes. In the present paper only methylidene complexes will be studied; future papers will deal with the effect of ligand substitution, carbene substitution, and changing the metal on the nature of the metal-alkylidene bond. The complexes of present interest are high-valent, pseudotetrahedral alkylidene complexes of the type M(X)(Y)(Z)= CHI (M = Ta, Nb and X = Y = Z = H; M = Mo, W and X = Y = OH and Z = N H ; M = Reand X = Y = OH and Z = CHI. The Ta and N b complexes are models for the group VB alkylidene complexes, e.g. tantalum and niobium tris(neopentyl)ne~pentylidene.~~~~*~~-~~ The Mo, W, and Re complexes are models for the high-valent, Lewis acid free olefin metathesis Chart 11. Planar (2a) Since the nucleophilic behavior of the Schrock-type alkylidene complexes is suggestive of carbanionic nature on the ligated C, some calculations were run in which a set of diffuse functions (4, = lP = 0.0438) was added to basis B." This basis set will be referred to as basis B+. The SBK scheme includes the ns and np AOs along with the standard valence orbitals; Le., nd, ( n + l)s, and (n + 1)p. The HW scheme employed here treats only the latter three sets of orbitals and replaces the remaining core AOs with a pseudopotential." Stationary points on the potential energy surface (Le., points for which the gradient or first derivative of the total energy with respect to nuclear coordinates is equal to zero) are obtained by using the method of The hessian (second derivative of the total energy with respect to nuclear coordinates) is calculated at each stationary point in order to characterize the point as a minimum (all positive force constants or, equivalently, no imaginary vibrational frequencies), transition state (one negative force constant and therefore one imaginary vibrational frequency), etc. The technique used to obtain localization of MOs is that described by Boys.%
Results

Structural Characterization of Model Akylidene
Complexes. a. Group IVB Alkylidenes. The geometry optimization results for the group IVB H2M=CH2 species are summarized in Table  I . The geometries for the group IVB models were either planar, h, or twisted, 2b. Only singlet states were investigated since the transition metal is formally do in this and all other complexes studied here.s1
The interest in organometallic complexes of the group IVB metals has been spurred on by their use as catalysts in a wide variety of reactions of technological Despite
Cundari and Gordon
Chart 111. Staggered (h), Eclipsed (3b), and "Hypcrconjugated" (3c) Conformers for Group VB (45) The use of 3d functions on the carbon atom does not imply that the high-energy 3d AOs of carbon a n necessary to describe the bonding of carbon. The d functions allow for movement of the center of the electronic charge away from the nuclei.
(46) For anions and atoms with substantial negative charge, diffuse functions (is. functions with small Gaussian exponents and hence larger size) are added to the basis to improve the description of the bonding. The extra electrons which characterize anionic species tend to be less tightly bound, and thus bigger in size, due to increased nuclear shielding so that basis functions which are also larger in size are needed to dcscribe them. (51) The presence of low-energy triplet states must not be so quickly dismissed, particularly for the coordinatively unsaturated systems under present study as well as the twisted H2MCH2 complexes. It is well-known that twisting one of the methylene groups of ethylene by 90° about the C C axis will lead to low-energy triplet (biradial) and singlet (zwitterionic) states. These zwitterionic states should ideally be described with multideterminant wave functions. When triplet states (ROHF) were optimized for HlMCH2 (M = Ti, Zr, Hf; twisted and planar) all stationary points were found to be similar in geometry to their singlet counterparts other than a lengthening of the M C bond (4;0.1-0.2 A). The twisted triplets are transition states (the imaginary mode corresponds to rotation about the M C bond); the planar triplets are second-order saddle points. UHF calculations on the twisted singlet led to highly spin contaminated wave functions. Also, motions that cause the CHI group to deviate from planarity should ideally be considered. However, to our knowledge, no carbene complex has been characterized which deviates significantly from planar coordination about the carbene carbon. For an analysis of these motions in main-group ethylene analogues see: Schmidt, A longer, possibly due to the lack of d-polarization functions in the carbon basis.
The twisted group IVB carbenes (2b) have two imaginary frequencies-one which corresponds largely to rotation about the M-C bond leading to the planar structure (2a) and one which entails bending of the MH2 fragment such that the coordination about the metal goes from trigonal planar to pyramidal. This pyramidalization of the transition metal is interesting in connection with the observation that it is the "metal" in twisted silaethylene (H2SiCH2) which is pyramidali~ed.~~ The structures with a pyramidalized coordination about the metal are transition states; the imaginary frequencies correspond to rotation about the M X bond as well as a "flattening out" of the MH2 fragment leading to the planar minimum. Note that the pyramidalization has a significant effect on the internal rotation frequency (Table I) . ( 5 8 ) We have, of course, assumed for the present that the leading rcse nance contributor to the ground-state wave function of the titanium carbcne complex is that with a formal double bond between the metal and the carbon. The basii B barriers listed in Table I for rotation about the M-C bonds (1 1.6, 12.5, and 12.4 kcal mol-' for M = Ti, Zr, and Hf, respectively) are relatively small when compared to main group analogues such as ethylene (rotational barrier = 65 kcal mol-').
The inclusion of zero-point energy and electron correlation corrections (Moller-Pleset second-order perturbation theory, MP261) to the planar minima and bent, twisted transition states reduce the calculated rotational barriers (using basis B) in the group IVB alkylidenes to 10.4, 6.4, and 7.9 kcal mol-' for the Ti, Zr, and Hf alkylidenes, respectively. The rotational barrier for the methylidene ligand in [Cp2Ti(CH2)Me]-is calculated to be 28 kcal mol-' with the extended Hiickel theory.@ Employing the STO-3G basis Hehre et al. have calculated rotational barriers of 13 kcal mol-l for H2TiCH2 and 19 kcal mol-' for H2ZrCH2.12C The rotational barriers calculated a t the STO-3G level did not take pyramidalization of the MH, fragment into consideration.lZc Rotational barriers for coordinatively saturated alkylidenes may be significantly higher. For example, the calculated rotational barrier in Cp2TiCH2 is 52 kcal mol-' at the STO-3G 1evel.l" Note also the shortening of the metal-carbon distance that is observed upon rotating the methylene group by go".'" However, caution should be exercised in making comparisons with properties calculated at lower levels of theory.
There has been, to our knowledge, no reported vibrational data for group IV alkylidenes. Theoretically calculated vibrational frequencies do exist for M-H bonds of
The calculated (basis B+) equilibrium stretching frequencies (we) are 1651, 1565, and 1589 cm-' for the Ti-H, Zr-H, and Hf-H bonds, respectively. Bauschlicher has calculated w,(Ti-H) = 1572 cm-' for the '0 ground state of TiH using a large basis set and full configuration interaction.6a b. Group VB Alkylidenes. The results for the group VB alkylidene ( M = N b and Ta) complexes are collected in Table 11 . The two basic geometries calculated were staggered (3a) and eclipsed (3b). Additional geometries were investigated; these additional geometries are those in which one of the M-C-H angles is acute but the H-C-H angle remains at approximately 11 5O (3c). Hehre et al. have drawn an analogy between these distorted species and hyperconjugated organic analogues for the group IVB a1kylidenes.la The "hyperconjugated" geometries may also exist in staggered and eclipsed conformations. The coordination about the trigonal carbon in all stationary points found in the present work was classical. No 'hyperconjugated" methylidene structures were found to be minima on the potential energy surfaces. The only Ta methylidene complex which has had its structure determined experimentally, bis(cyclopentadieny1)methyl- (64) Some structural data for Ta-alkylidene complexes are collected in Table 1 161O for these same two complexes. For Cp2Ta(Cd)(Me) the Tax,-H angle is 126.5O and the HC,-H angle is 107O. As was the case for the group IV alkylidenes there is no vibrational data for M-C bonds of group VB alkylidenes. The intrinsic o, for the Nb-H and Ta-H bonds (basis B+) are 1777 and 1793 an-', respectively. IR bands at 1710 (ChNb(H),) and 1735 cm' l (CpiTa(H)3) have been assigned to M-H stretches.70 Related hydrido complexes of these metals also have IR bands in this region which have been assigned to vMH The bonding about the methylidene ligand is also different from that of its main group analogues, the phosphorus ylides, in that the carbene C possesses a planar coordination geometry in the former compounds. This deviation from ideal trigonal-planar geometry in phosphorus ylides has been ascribed to interaction of the P-H u bonds with the C lone ~a i r . 6~h~' A calculation on H3PCH2 (using the HW ECPs for phosphorus, with a d exponent of 0.45, and the 3-21G(d) basis for C, H) shows an admixture of 23% P and H character in the HOMO which is concentrated largely on the carbon. In contrast, the HOMO in H3Ta=CH2 (basis B+, staggered geometry) is 46% Ta dx and 54% C plr with virtually no electron density on the hydrogens bound to tantalum (<0.5%). A nearly zero rotational barrier about the M-C bond is predicted for these compounds, as is the case for the phosphorus (Table 111 ) under the constraint of C, symmetry. All of the alkylidene complexes maintain a distorted-tetrahedral coordination environment about the central metal atom. Evidence for the bonding as shown in 4 ( M e double bond, MEN triple bond) is provided by an analysis of the wave functions obtained for the minima and the geometries about the C (trigonal planar) and N (linear). There are three x pseudosymmetry metal d orbitals (corresponding to the t2 set of Td symmetry). Since these complexes are formally do, the most favorable conformation for the r-bonding ligands will be that which allows for maximum in-phase bonding between the metal d r and the ligand pr orbitals without having the ligands compete for the d r orbitals. If the M, C, and N atoms lie in the xz plane with the metal at the origin and carbon along the positive t axis, 4, then the carbon p will interact with the dP, 5a. The N pL (-N p, ) and pI (-N p,) c. Re complex corresponds to a change in the H-O-Re=C torsional angle as well as an additional motion which will serve to lower the overall symmetry from C, to C1. The Re-alkylidene complex is a minimum at the smaller basis set and the hydroxyl protons point 'downward" away from the carbene moiety as shown in 8.
High-Valent, Transition-Metal Alkylidene Complexes
u(C-H~)'
3213 ( A for a coordination number of Also, unlike the Mo and W complexes, the stationary point for the Re alkylidene complex with C,symmetry does not correspond to a minimum (for basis B) but IS a transition state. The imaginary mode for the Realkylidene, C, transition state corresponds to rotation about the Re-O bonds as well as motion which will lower the C, symmetry of the molecule. This suggests that the Re complex may be considerably more distorted in comparison to the W and Mo catalysts. upon incorporation of I5N into the complex.80b The calculated M N frequencies for Mo and W are 11 26 and 1144 cm-l, respectively. Scaling factors to account for the effects of electron correlation are often applied to the calculation of ab initio frequencies?' Multiplying the previously calculated we by 0.89 yields stretching frequencies of 1002 cm-I for the molybdenum alkylidene complex and 1018 cm-I for the tungsten alkylidene complex.
2. Resonance Contributors to Alkylidene Complexes. Much of the debate concerning the reactivity of carbene complexes, and those reactions in which carbenes are thought to be the active species, has been couched in terms of the direction of the polarization of the M-C bond.5-22-24J0-34 At the simplest level the bonding can be described as being comprised of the three resonance structures shown in eq 4. In eq 4 the usual notation of a straight
line representing an approximately covalent bond and an arrow representing a coordinate or dative bond has been used. In resonance structure a the unhybridized 2 p r atomic orbital on the carbon shares a pair of electrons with the correct symmetry d r orbital on the metal fragment. In resonance structure b the same carbon A 0 donates two electrons to the now vacant d r orbital.
Going from resonance structure a to b can be regarded as a metal-to-ligand charge transfer (MLCT); there is a one-electron reduction of the ligand while the metal formal oxidation state increases by one. In resonance structure c the situation is the reverse of that found in b and now the d r acts as the donor orbital and the C p r is the acceptor orbital. In molecular orbital terms, the ground-state wave function of the alkylidene complex will be a linear combination of these (and many other) electronic configurations; resonance structures which include the M -C u bond, or any of the other u bonds, have not even been considered When the above simple description of the metal-carbene bond is used, the explanation of the nucleophilicity of the coordinated carbon in the Schrock-type alkylidene complexes is usually explained in terms of a larger contribution, in relative terms, from resonance structures with the polarization shown in b than is found in the Fischer-type complexes.
Given the fact that much of the discussion concerning carbene reactivity has been presented in terms of the predominance of one resonance structure over the others or 'the major resonance c o n t r i b~t o r " ,~~ it would be beneficial if the relative amounts of the important resonance structures could be put on a more quantitative footing. Ideally one would like to carry out a calculation on all the resonance structures that can be generated within a given active space. A reasonable choice of a suitable active space for describing the M e bond of alkylidene complexes would comprise a metal u hybrid orbital and d r orbital (with perhaps some mixing in of (n + 1) p character) as well as the carbon cr hybrid orbital (w$) and p1 AO. In an MO calculation the minimum four orbitals which are needed to describe the M-C bond are the u, R, u*, and r*. These MOs have familiar shapes and representative examples are plotted in Figure 1 for the staggered conformation of H3TaCH2 (basis B+).
Several approaches for transforming the delocalized canonical MOs obtained from molecular orbital calculations into localized orbitals which correspond more closely to the chemists' notion of discrete two-electron bonds have been d e v e l~p e d .~*~~ Only MOs that have the same occupation number can be mixed to obtain localized M a . For closed-shell compounds this means that one can mix oocupied MOs with other occupied MOs and virtual MOs with other virtual MOs. If the M-C u and ' ET bonding MOs are localized bent, "banana" bonds are obtained as discussed by Marynick and Kirkpatri~k.'',~ If one goes beyond the Hartree-Fock single-determinant description of the molecule then it is possible to localize MOs within a given active space as long as all possible spin-adapted configurations which can be constructed from the active electrons are included, i.e. a CASSCF (complete active space self-consistent field)85a or FORS (full optimized reaction space)85b wave function is required. Localization of the MCSCF (multi-configuration self-consistent field)-optimized MOs yields orbitals that are highly localized or "AO-like" on either end of the M-C bond. The localized MCSCFsptimized orbitals can then be used as a basis for generating "resonance structures" by the use of configuration interaction (CI) from a suitably chosen reference wave function. Similar approaches have been employed by various workers and uscd to study main-group oompounds.8aM This method is to be contrasted to the spin-coupled valence bond method of Cooper et aLS7 in which the active orbitals are nonorthogonal. Although very atomic in nature the localized orbitals J. Am. Chem. Soc., Vol. 113, No. 14, 1991 5239 are still MOs and are, therefore, orthogonal to the other M a . The localized MOs possess small "tails" on the other atoms (typically <2% of the orbital electron density) in order to maintain their orthogonality to each other. The less atomic-like the localized orbitals become, the greater the difference will be between this approach and a valence bond calculation.
The method for obtaining the localized MCSCF-optimized orbitals is as follows.
(1) The RHF, single-determinant wave function is calculated and the MOs that correspond most closely to the M-C u, T , x*, and u* (Figure 1 , a-d between the M and the C and the amount of (n + 1)pr character is greatly reduced while d r character is increased. The MCSCF procedure also has the benefit that it tends to localize the MOs somewhat. In the RHF calculation the M-C u MO usually has a significant admixture (-10% to 20%) of the in-phase combination of the M-H a bonds.
(2) After carrying out the 4 X 4 MCSCF procedure, the MCSCF-optimized orbitals are localized to yield "AO-like" MOs. This is step 11 in Scheme I. The four MCSCF-optimized MOs (similar in shape and size to those shown in Figure 1 and represented pictorially by l a d in Scheme I) are subjected to the Boys localization procedure twice. First, the M-C u and u* MCSCF-optimized MOs are localized to yield two MOs. One of these MOs is predominantly localized on the carbon (= "sp'") and the other is predominantly localized on the metal ( d a A 0 with some s and pa character) as shown in Figure 2a,d . Second, the R and r* MCSCF-optimized MOs are localized. Once again, one of the resulting localized MOs is largely situated on the metal (dr) while the other is primarily C 2 p~ in nature as depicted in Figure 2b ,c.
The localized MOs are plotted in Figure 2 for the staggered Ta alkylidene complex with basis B+ and are depicted graphically by 2a-d in Scheme 1. If all four MCSCF-optimized MOs are localized at the same time, mixing of the u and R orbitals occurs to yield bent, "banana" orbitals (3a-d in Scheme I) on the C and similarly shaped orbitals on the metal. This is depicted as step iIa in Scheme I.
(3) By using the localized MOs as a basis, a 4 X 4 CI is used to generate "resonance structures" and their relative weight in the ground-state wave function, * (see step 111 in Scheme I). The 20 spin-adapted configurations generated are shown schematically in Scheme 11. The reference determinant in all of the MC/ LMO/CI calculations is luc2~c2~MoaM) 9 M X 5 12200). This "resonance structure" is represented pictorially as I in Scheme 11. The (2201)) configuration corresponds to a CH22-ligand mrdinatively bonded to a L,M2+ fragment. This configuration is that used in organometallic electron-counting schemes in which the carbene ligand is considered to be a four-electron donor coordinated to a high-valent transition metal and is most often applied to Schrock-type alkylidene complexes.' The configuration generated by excitation of two electrons from C ' ET to M ' ET, 12020), generates the singlet carbene model' of bonding described by Hall and Taylor (XV in Scheme 11). Another double excitation from the 12200) reference determinant yields two 11 1 1 1 ) configurations. There are two 11 1 1 1 ) configurations, since there are two singlet Table I . CStructures given in Table 11 . "Structures given in Table 111 . CThis row shows the sum of the contributions made by the all-covalent configurations, 11111). fThis row shows the sum of the contributions made by the four major neutral resonance structures (Le. both the metal and the carbon each possess two of the four M-C u and ?r electrons), 11 11 1 ) (both of them), 10202), and 12020). #This row shows the sum of the contributions made by the three major nucleophilic resonance structures, i.e. those configurations (12200), ll20l), and 12110)) in which the carbon is the negative end. "This row shows the sum of the contributions made by the two major electrophilic resonance structures, i.e. those configurations (101 12) and 11021 )) in which the carbon is the positive end. 'These weights were calculated with basis D (see text). The weights denoted by ' 0" have a zero contribution for symmetry reasons. ,These weights were calculated with basis B+ (see text).
The d-orbital exponents were left off the 0 and N atoms in the W complex.
spin-couplings (aoao and aa&9) for this spatial configuration. This electronic configuration corresponds to covalent M-C bonding. This resonance structure parallels the triplet carbene model of bonding that was described by Hall and Taylor and corresponds to IX and XI in Scheme IL7 These and other ?esonance structures" are collected in Scheme 11. The relative weights of the electronic configurations which contribute to the ground-state wave function of each minimum obtained for the planar group IVB alkylidenes, staggered group VB alkylidenes, and the C, metathesis catalysts are shown in Table IV. Since it is the M-C a system which in large part determines the reactivity of the alkylidene species, an alternative approach was used in which the M-C u MO was left in the canonical form and only the M-C a and a* were subjected to the MC/LMO/CI procedure. This latter calculation yields only three -resonance structures" analogous to those shown in eq 4. The three resonance structures generated by electron correlation within the M-C a system will be comparable to configurations 111 (-resonance structure b), XVIII (= resonance structure c), and IX or XI (-resonance structure a). The reference determinant for this latter set of calculations, 120), is Iacz~M.o). There will only be one covalent configuration since there IS only singlet spin coupling (a@-&~)/d/2) for a two-electron system. Two different basis sets were employed in the MC/LMO/CI procedure. For the group IVB and group VB alkylidenes the largest basis set (B+) was used in order to give as much flexibility in describing the MOs as possible. For the W alkylidene complex, the SBK valence basis and ECPs were used for the metal, the 3-21G basis set was used for the N, H, and 0 atoms, and the 3-21G(d)+ basis was employed to describe the C. The results using this basis set are collected in Table IV . The large size of basis B+, coupled with the desire to investigate more realistic models of experimentally characterized alkylidene complexes with larger substituents, prompted us to test a smaller basis set in constructing the various electronic configurations. Employing this basis set makes the MCSCF step more computationally tractable for the metathesis catalyst models. This basis set employed the HW ECPs and valence basis for the transition metals augmented with an extra d function as specified by Hay (for the first-row transition metals)*8 and Bauschlicher (for the second-row transition ~n e t a l s ) . *~-~~ The 3-21G basis set augmented with diffuse and polarization functions was used for the coordinated carbon. The STO-3G all-electron basis set was utilized to describe the heavy atoms, other than the carbene C and the transition metal, as well as the hydrogen atoms. This basis set will be referred to as D. The approach taken here is to describe the M=C bond as well as possible while using a minimal basis set to describe the auxiliary ligands. A similar philosophy was successfully implemented by Hall and Taylor in their study of carbene complexe~.~ This can be considered to be the order between orbitals i and j . The onematrix elements derived from the A-and @A-MC/LMO/CI wave functions are collected in Table VI . An analysis of the diagonal elements reveals that the M-C a bond in the model alkylidene complexes is predominantly ionic or dative Xes.
he p(Ca) matrix element approaches a value of 2 the description of the M-C a interaction can be more accurately described as an ionic or dative bond. The one-matrix elements for the A orbitals are much closer to one for both the use of either the A-or ar-MC/LMO/CI configurations with a coval one electron in ac, contrib tion of the various alkylid contrast, resonance structures with a covalent A about 67% to the total PY wave function. That the M-C a bonding is more ionic than the M-C A bonding is consistent with simple frontier orbital considerations. The M-C a interactions arise from (relative to the metal a) d r orbitals, Figure 3 . As a result the energy match between the r pseudosymmetry orbitals will be better and the bonding more covalent than is found for the a counterpart (Figure 3 structure. This description of the metal-carbene interaction has heretofore not entered into the discussion of these complexes; thus it is striking that 121 10) is consistently the largest contributor. The striking result that ionic resonance structures make a large contribution to the metal-carbon bonding in alkylidenes appears to be independent of the basis set. Note that these results are consistent with previous valence bond calculations on the "covalent" CC bond in eth~lene.9~ In the latter, it has been found that ionic a structures contribute roughly 25% to the ground state. The MC/LMO/CI method used here (which may be thought of as an MCSCF analogue of these valence bond calculations) agrees with this conclusion.
Summary
In this paper the results of a b initio calculations are reported for prototypical high-valent, alkylidene complexes. The minima which are characterized compare favorably with previous experimental and theoretical information with respect to geometries and other properties where such information is available. The use of effective core potentials (ECPs) to obtain these stationary points lessens the time of computation and gives good results as long as a suitably flexible valence basis set is used. These results should encourage the further use of ECPs for structural problems involving the larger elements.
Much of the discussion concerning the chemistry of transition-metal carbene complexes has been presented in terms of the resonance contributors which describe the metal-carbon bond. Resonance structures which describe the metal-carbon bond can be partitioned into three types-nucleophilic, electrophilic, and neutral. These cases correspond to resonance structures in which the carbene carbon has a negative, positive, and neutral formal charge, respectively. Nucleophilic resonance structures contribute approximately 50% to the ground-state wave function of the alkylidene complexes. Neutral resonance structures account for much of the remainder (~4 5 % ) . Only 5% of the ground-state wave function of these alkylidene complexes is comprised of electrophilic resonance structures.
The metal carbon double bond in high-valent alkylidenes is predominantly comprised of five resonance structures: MZC, M e , MZC, MZC, and MZC. Four of these resonance structures correspond to models of carbene bonding which have been discussed previously in the literature; the fifth resonance structure (MZC) can be described as arising from a dative carbon-to-metal u bond coupled with a covalent M-C a bond and amounts to one-third of the ground-state wave function. Thus, there are several major resonance contributors to the electronic structure of these compounds.
The results of the present research point to a description of the M-C A bond in the high-valent, alkylidene complex that is more covalent than is commonly appreciated. Resonance structures in which the M-C A bond is covalent contribute over two-thirds to the ground state of these complexes. The M-C u bond can be more accurately described as a dative bond.
